The metamagnetic behavior of the low temperature properties of single crystal Co(pyridine)2Cl2 is discussed. At 1.25 K oriented single crystals exhibit a two-step metamagnetic transition at applied fields 0.8 and 1.6 kG along the b-axis, a single transition at -0.7 kG for applied fields along the a* axis, and a single transition at -4.2 kG for an applied field along the c axis. Just above the transition fields a moment of 2ILB/CO atom is measured for B o parallel to the a * axis or b axis, and OAILB/CO atom is measured for the B o parallel to the c axis. A large field dependent moment is observed at high fields. Many features of this compound closely mirror the behavior of CoCI 2 ·2H 2 0. However, the Co(pyridine)2CI2 has a much smaller interchain exchange, so that many features can be examined at lower fields. The basic features are consistent with a six-sublattice model for the ordered antiferromagnetic system. Measurements of magnetic moment versus temperature show that Co(pyridine)2Cl2 does not obey a Curie-Weiss law even at relatively high temperatures.
I. INTRODUCTION
There has been considerable recent interest in the electronic and magnetic properties of quasi-one-dimen sional magnetochemical systems. 1 These materials are characterized by a large ratio of the intrachain ex change Jto the interchain exchange J' (IJ/J"! »1), and the interaction between spins is taken to be -2J8 1 ' 8 z .
Two general types of antiferromagnetic ordering oc cur in such systems. In the first the intrachain inter action is negative (J<O) and below the three-dimension al ordering temperature TN adjacent spins in the chain are aligned antiparallel. In the second the intrachain interaction is positive (J>O) and the interchain interac tion is negative (J' < 0) and below TN adjacent spins in the chain are aligned parallel whereas the spins in ad jacent chains are aligned antiparallel. In the latter case, when the antiferromagnetic (interchain) exchange field is much smaller than the anisotropy field, an ap plied field of the order of the exchange field may induce one or more (first-order) magnetic phase transitions, called metamagnetic transitions, to configurations with higher total magnetic moment. Two transitions are observed in each case because of a finite interaction (J") between chains with the same initial spin orientation. Narath z . 4 has introduced a six sublattice model which accounts for the transitions as follows: Initially, the antiferromagnetic state consists of three ferromagnetic chains of Co ions with spins up (abbreviated here as three spins up) and three spins down. The first transition is to a ferromagnetic phase with four spins up and two spins down, and the second transition is to a fully aligned paramagnetic phase. In this model the moment of the ferrimagnetic phase is 1/3 that of the paramagnetic phase, in agreement with the observed values.
The one-dimensional magnetic character can be en hanced by replacing the trans axial aquo groups by bulk ier organic groups such as pyridine. This has the effect of reducing the interchain interaction, and consequently the Neel temperature and the critical fields required for the metamagnetic transitions.
The series of linear chain M(pyridine)zX"z complexes have received the attention of both chemists and physi cists from theoretical and experimental points of view.
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In this series M is a 3d transition metal and, X is a halogen such as chlorine or bromine or a pseudo halogen, e. g., thiocyanate. In the series with X =CI the copper and manganese complexes have a negative intrachain interaction while the iron, cobalt, and nickel analogues have a positive intrachain interaction and a negative interchain interaction, as in the iron and cobalt halide dihydrates. The one-dimensional magnetic char acter of the pyridine complexes is especially evident in
III. CRYSTAL PREPARATION IV. MAGNETIC MOMENT MEASUREMENTS
temperature, and about 134 K for decreasing tempera ture. Co, 20.43; C, 41. 70:, H, 3.50; N, 9.72; found: Co, 20.23; C, 41. 54; H, 3.43; N, 9.61 . A saturated solution of the compound in ab solute ethanol at 50°C was prepared. This solution was blue and indicative of the presence in solution of the tetrahedral f3 isomer of Co(pyridine)2CI2' The solution was slowly cooled (in steps of 5°C/day) to room tem perature. During this time single crystals of the linear chain octahedral 0' isomer of Co(pyridine)2CI2 were formed. A microscopic examination of these crystals indicated that they were dichroic with biaxial interfer ence and possessed the same crystal morphology as the crystals used in a recent single crystal x-ray crystal lographic study by Clarke and Milledge. 19 This study confirmed the earlier report 18 that these crystals were twinned at temperatures above -150 K. The twinning probably occurs by reflection across the (100) 
A. Experimental details
Measurements of the magnetic moment a as a function of applied field Bo, temperature T, and crystallographic orientation were made for several single crystal sam ples of Co(pyridine)2CI2' The single crystals were mounted on a suitable oriented surface with a very thin layer of silicone grease. The grease permitted orienta tion of the crystallite with respect to the applied field, and minimized decomposition via the loss of pyridine. Additional measurements were made for polycrystalline pyridine complexes of iron, cobalt, and nickel. Low field measurements were made in a superconducting magnet by using a vibrating sample magnetometer. The
The crystal structure of 0' -Co(pyridine )2C12 as well as the isomorphous iron system is monoclinic, space group C2/b at room temperature. 18,19 Each metal atom of the chain is in a pseudo-octahedral environment of four chlorine bridging atoms and two trans -pyridine nitrogen atoms with the linear chain (c axis) along the direction of the chlorine bridges. The corresponding cobalt and iron chloride dihydrates are linear chain sys tems that are quite simila~o to the pyridine complexes in that they have chlorobridging and nearly the same (3.6 to 3.9 A) intrachain metal-metal distances. On the other hand, the dihydrates have a much smaller inter chain metal-metal distance (-5.5 A) as opposed to -8 to 9 A in the pyridine systems.
A detailed study of the crystal structure of 0' -and y-Co(pyridinehCI 2 was recently made by Clarke and Milledge. 19 , 21 is monoclinic with the a* axis close to the a axis (within 1°). Surprisingly, the low temperature phase has high er overall symmetry, although the chlorobridging along the c axis is symmetric for the 0' phase and asymmetric for the y phase. The symmetry for the y phase is P2 1 /n(b unique) and the transition from the 0' to the y phase takes place at apprOXimately 150 K for increasing the magnetic heat capacity7,8 which often exhibits a broad "one-dimensional" peak or shoulder at temperatures above a sharper A anomaly that reflects the three-di mensional ordering temperature TN' Powder samples of the pyridine systems have been studied by several techniques including measurements of the heat capacity, magnetization, and magnetic sus ceptibility. The temperature dependence of the mag netic susceptibility of Co(pyridine)2CI2' measured in low applied fields (0.1 to 40 G), high-field measurements (above 60 kG) were made on polycrystalline samples by using a low frequency vibrat ing sample magnetometer operating in a high-power water-cooled Bitter solenoid up to 230 kG. Less direct evidence of metamagnetic transitions in the pyridine complexes was obtained from studies of polycrystalline materials. 14 ,23 The details of the magnetic properties of these materials are best understood by examining single crystal data because the transitions are sensitive to the orientation of the applied field with respect to the spin orientation.
B. Powder data
The magnetic characteristics of polycrystalline M(pyr idine)2X2' where M is divalent Fe, Co, or Ni and X is Clor (NCS), have been discussed in Refs. 14 and 23. The low-field differential susceptibility shows a very sharp maximum after which the susceptibility decreases to a small value as T is decreased. 13 ,23 In addition, all the materials show relatively large low-field changes in (J vs B o for T < TN' After the rapid rise in moment there is a gradual approach toward saturation in high fields to 200 kG (see Fig. 1 ). However, saturation is not achieved even at these fields.
C. Single crystal data
Low field characteristics
Measurements of single crystals were made on com posites of several single crystals or with independent single crystals. Unless otherwise stated the single crystal data is given for composites all weighing a total of a few mg. Often the sample weights are given in the figure captions. Isothermal magnetic moment versus field data along the b, a*, and c axes are shown in Metamagnetism and hysteresis has been discussed z4 for FeCl z and the features of the magnetic ordering on FeBrz, CoBrz, FeCl z , and CoCl z have been examined by neutron scattering. Z5 The neutron data showed that hysteresis in the magnetic moment at low fields result ed from a change in the three equivalent domain distri butions which initially were equally populated, but were not equally popUlated after the field was applied and returned to zero. In the case of the CoCl z ' 2H z O and FeCl z • 2H z O additional hysteresis effects have been re ported. Z6,Z7 Relaxation phenomena associated with the field region between the two He's for Bo along the b axis in CoCl z ' 2H z O were studied with ac modulation tech niques. Z6 Several small jumps in a vs Bo were observed for the low-field transition along the b axis. The pre-• 14
.
VIOUS po ycrystallme data showed only one transition which can be understood in terms of broadening intro-' duced by randomly oriented crystallites. The transi tions along a* and b axes occur at nearly the same field and the second transition for the b axis occurs over a relatively narrow angular orientatioa. The moment changes along the b axis for each of the transitions are not equal, the lowest-field step being equal (within a few percent) to 1/2 the change in magnetization for the higher-field transition. It should be noted that, for the measurements presented here, the crystallites were cooled only once for a series of measurements vs B o and T. Subsequent measurements for a given orientation were made on new batches of crystallites that were thermally cycled only once. In addition, measurements were made on one single crystal of the order of 0.5 mg weight in order to ensure that the crystal composite was representative of single crystal behavior. In some measurements repeated coolings were made with the same crystals; after several cool ings the low-field characteristics along the b axis changed, so that the magnitude of the moment changes became equal for the low-field and high-field transi tions. This suggests that the crystal structure is changed. The crystals are sensitive to cooling and handling and tend to shatter in the course of the Q' to 'Y transition. We may define the transition field H c as that field for which the a versus Bo data (in the transition field re gion) extrapolates to a= 0 on the Bo axis, or as the ex trapolation of a (B o ) to the linear portion of initial sus ceptibility. Although the differences in He are not large for these two definitions when a(B o ) is nearly vertical, appreciable differences occur when the initial suscep tibility is relatively large compared to the change in a at the transition, and/or when the depolarization factor is large. The largest errors in defining He by either procedure occur near T c' where a vs Bo at low fields is large and comparable to a vs Bo just above H c' In the present paper a vs Bo is plotted with no depolarizing factor correction. For Bo along the a* or b axis the depolarizing factor is quite small because the crystal lites are very thin platelets with the large dimension along the c axis. However, the depolarizing factor for B o along the c axis is nearly that of a flat plate (41T). The largest errors in defining He therefore would occur along the c axis. Defining He as the extrapolation of a{Bo) downward to the intersection with the linear por tion of the initial susceptibility minimizes the errors and we choose this procedure. The plot of Hc(T) vs T as defined in this manner is shown in Fig. 3 for each axis. The general features are that, for each transi tion, H e ( T) becomes large and essentially temperature independent below -2 K and decreases very rapidly toward Hc(T) = 0 near T e • The values of He(T) were de termined within an accuracy of about 10% from plots such as those shown in Fig. 2 .
At the lowest temperature (1.25 K) the transition along the a* axis occurs at -700 G, along the b axis at values of 800 and 1500 G, and along the c axis at -4 kG. A small hysteresis of He(T) is observed in some cases In Fig. 4 we show behavior of the magnetic moment as a function of temperature for an applied field of 313 G along the a* and b axes for Co(pyridine)2C~, The moment along the c axis at T=-4.2 K and 313 G is about a tenth of that along the a* axis. The data were taken as each composite sample was cooled slowly in a liquid helium bath and represents -500 points over a single run. Depending on the definition of the transition tem perature as either the ma"'<imum da!dT or the maximum in the a vs T, we obtain a transition temperature of 3.2 to 3.4 K, respectively. The results are in good agree ment with the polycrystalline data reported earlier. 9.14,23 Because He is very small, it is possible that a Bo of 313 G would shift TN slightly. We have re-examined the magnetic moment a vs B o data at very low fields extrap olating the data to B o =O. The initial susceptibility Xi for each direction as a function of temperature for 0 B o~5 0 G is qualitatively quite similar to the 313 G data. However, the moments along the a* and b axes are smaller relative to that along the c axis and the rapid rise near TN is sharper. The maximum daldT OCcurs at -3.2 K and the maximum in a occurs at -3.4 K. The value of TN for the data along the a*, b, and c axes are consistent (within 0.2 K) and agree with the determination of TN given earlier for the Co(pyri dine)2Cl2 single crystal and polycrystalline data.
All the data for the initial susceptibility Xi show a rapid drop as T is decreased below TN' However, for T« TN' Xi(a* axis) < Xl(b axis)« Xi(C axis) whereas for T> TN' Xi(a* axis) > Xl(b axis)>> Xl(c axis). For comparison we note that the hydrated salt shows that X(a* axis) "" x(c axis) » X(b axis) for T« TN and x(a* ax is) "" X(c axis)« X(b axis) for T > TN' It is interesting that for the pyridine complex the He along the c axis is much higher than that along the b axis. CoC1 2 ' 2H 2 0 mirrors several of the magnetic properties of the pyri dine complex, but the transitions occur at much higher magnetic fields because the hydrated complex has larger exchange interactions. There are some differences be tween the results. For instance, in CoCl 2 • 2H 2 0 He along the a* axis is apparently larger than along the b axis, whereas the reverse is observed for the pyridine com plex. We expect that the hydrated complex should show a high field transition along the c axis; this aspect is being investigated.
High field characteristics
The magnetic properties for Bo up to -55 kG and low temperatures are illustrated in Fig. 5 . Each set of data is taken for a composite of three oriented crystals. The total weight of each sample is given in the figure caption. The general features are that the large changes in (] oc cur at very low fields, and there is a gradual increase in magnetic moment at higher fields. In addition, the moment along the c axis is quite small compared to that along the a* and b axes. The values of the moment at 52 kG are approximately 2.5 IJB/Co atom for both the a* and b axes and approximately 1.1 IJB/Co atom along the c axis. For spin only a maximum of 31JB/Co atom is ex pected. The moment observed earlier for powder data is consistent with the single crystal results reported here; an average of (J for B o = 50 kG along the a*, b, and c axes corresponds to that for the polycrystalline data at the same field. The effects of crystalline electric fields on the Co ion are appreciable so that the spin-only value is not realized. Some of these effects are dis cussed in Sec. V.
Temperature dependence of a
We also have studied the temperature dependence of a up to T= -280 K for the three principal crystallO graphic directions. The results are complicated by several factors. The £1-to y-phase transition at ap proximately 150 K produces a change in the magnetic moment which is observable at high resolution. Bentley Here we plot a-1 vs T, rather than x-1 vs T, because a vs B o becomes nonlinear as T approaches the lower temperatures. Clearly, at 4.2 K there is a strong field dependence of a vs Eo and data near 4.2 K should reflect this additional feature. In typical antiferromagnetic systems data above 10T H (here -35 K) usually allows one to determine (J from the Curie-Weiss law without recourse to power-series expansion techniques. Al though the nonlinear behavior of a-1 vs T above 40 K may reflect contributions of the one-dimensional behavior of this magnetic structure as well as the influence of the a to y transformation at higher T, the rather complex behavior indicates that Curie-Weiss fits are not appro priate. These results suggest that magnetic moment measurements of similar linear chain type systems, made in order to determine g values and/or exchange interactions, should be made over an extended range of temperatures in order to assure that the assumption of a Curie-Weiss law is valid. In addition, a(T) increases very rapidly as the temperature is reduced toward the Typical a vs T results are shown in Fig. 7 for Eo =11 kG. The plot is based on -1000 points (which are not shown for convenience). Bentley et al. observed X. > Xb for T < 140 K (in agreement with our low-T data) and X a < Xb above -160 K (the a -to y-transition region). They also indicate that the moment changes are quite small (-2%) at the a to y transition, but that the changes in anisotropy would have significant effects on the mag netic properties. We also have observed small moment changes -2% at the a to ' Y transition for Eo along, for example, the a* axis and b axis for single crystal com posites. This would be visible in the data such as that of Fig. 7 when expanded sufficiently. The plot of a-1 vs T in Fig. 6 for Eo II b axis shows this clearly. Al though the data are qualitatively in agreement with those of Bentley et ai., the signal-to-noise ratio was not suf ficient for detailed quantitative results, particularly in view of the effects on the structure produced by cycling through the a to ' Y transition.
c V. DISCUSSION OF RESULTS
A. Magnetic structure of Co(pyridine)2 CI 2
The local arrangements of atoms in the neighborhood of the Co ion is shown in Fig. 8 . The Co is surrounded by four CI ions which make angles close to, but differ ent from, 90°. In contrast to the high-temperature a phase, the Co-CI distances between the chlorine atoms in the y phase are not identical and the structure is very similar to that of the Cu(pyridine)2CI2'
The moment changes of (2/3)J.LB and (4/3)J.LB/CO atom at fields of 0.8 and 1.6 kG, respectively, applied along the b axis are analogous to the transitions observed at higher fields along the b axis of CoCl 2 • 2H 2 0. This, together with the low field susceptibility data at high and low temperature, suggest a magnetic structure similar to that proposed by Narath for CoC1 2 • 2H 2 0, as shown in Fig. 9 . In this case we assume that the spins are along the b axis with the relevant exchange interactions as shown. J o is the dominant (ferromagnetic) exchange along the chain (c axis), J 1 is the nearest-neighbor in terchain antiferromagnetic exchange, and J 2 and J 3 are and independent microscopic measurements a ,4 have COil firmed that the moments are oriented along the b axis. The very small observed transition fields for the meta magnetic transitions indicates that the exchange inter actions are extremely small so that they are overcome by relatively weak applied fields. Thus, although we expect J o to be similar for CoCl z . 2H z O and Co(pyri dine)zCl z , J 1 is observed to be much smaller for the Co (pyridine )zCl z .
In a manner similar to that used by Narath,a, 32 Fig. 9 . As discussed by Narath,Z a four sublattice structure should be observed if J a < 0, so that the six-sublattice structure suggests that J 3~O . The observation of two equal steps in magnetization after re peated cycling (Sec. IV. C. 1) suggests a change in sign (or magnitude) of J 3 caused by a change in structure.
We must also account for the single transitions along the a* and c axes observed in the present case which are not observed in CoCl z ' 2H z O. The transition along the a* axis at 0.7 kG is especially interesting. The mo ment change of 2IJ.B/CO atom is, within experimental er ror, equal to the resultant moment following the two transitions along the b axis. 31 By using the model of Fig. 9 the field applied along the a* axis causes all tte spins to reorient simulta neously to a parallel configuration along a* which is perpendicular to their original orientation along b. The magnitudes of the transition fields for a* and b and the resultant moments are consistent with the observation that Xa'" Xb both above and below TN' In this respect Co (pyridine )zCl z is significantly different from CoCl z ·2H z O, for which Xb» X a and XC' The transition along the c axis at B o "'" 4 kG with a resultant moment of 0.4 IJ.B/CO atom reflects the fact that Xe «Xa and Xb'
The lack of magnetic saturation of Co(pyridine)zCl z at very high field is initially somewhat surprising. In the range of 50 kG (the susceptibility is quite large, howev er, for fields between 100 and 200 kG) the high field susceptibility becomes relatively small and as pointed out to us by Jacobs (private communication), the high field moment change would be consistent with estimates of Van Vleck susceptibilities for the Fe z + or Co z + ion. Z4,aa We do not have quantitative measures of the crystalline electric field contributions for the Co(pyridine)zCl z system at this time. These contributions differ greatly Close examination of the structure shows another rela tively short exchange path J 4 (not shown in Fig. 9 ) be tween the Co atom at the body center position and the next lower or upper Co atom (visualized by tipping ok up or down one lattice spacing along the c axis). The ex change interactioil, relevant Co-Co intrinsic distances, and number of exchange paths are tabulated in Table 1 .
The relative moment change of 1: 2 for the two transi tions is accounted for by a six-sublattice mo:lel, with three up and three down spins. In the first transition (Bo =0.8 kG) one down spin reorients up, and at the second transition (Bo = 1. 6 kG) the remaining two down spins reorient up, giving the 1 : 2 relative moment change. For a four-sublattice model the relative mo ment change would be 1 : 1. If there were two sublat tices, only a single metamagnetic transition for satura tion would be observed. There is evidence in CoCl z . 2H z O that either a four-or six-sublattice model is appropriate depending on the manner in which the transitions are approached (see Sec. IV. C1) . As we mentioned earlier, when some of the Co(pyridinehCl z crystals were cooled several times, a transformation from the six-sublattice to four-sublattice behavior was noted. There is no evidence in the a vs Bo data for canting of the antiferromagnetically aligned spins as is observed in [(CHa)aNH]CoCla' 2H z O, which also consists essentially of CoCl z • 2H z O chains with ferromagnetic exchange along the chain. Z9-31
The suggested spin structure with spins parallel to the b axis is consistent with the magnetic susceptibility data which shows that at lowest temperature x(b axis) is less than X(a* axis). Data for CoCl z ' 2H z O also shows that X(b axis) is the lowest at low temperature, for Co a + in various local environments. The a and y phases have different local symmetry and it is not yet clear which phase is being observed at low tempera ture. 31 Some significant differences in the low-field X data observed by Narath for CoCl a ' 2H a O were men tioned above. In addition, the saturation moment just above the metamagnetic transition of this compound 3 was"" 3/l B /Co ion; this moment is well above that ob served for the Co(pyridine)aCla. Attempts to fit the high temperature data of Co(pyridine)aCla in the a phase in cluding crystalline electric fields have been made. 34
VI. CONCLUSION
The primary effect of dilution by axial organic groups such as pyridine is to decrease the interchain interac tion' and thus the Neel temperature as well as the crit ical fields required for metamagnetic transitions. An hydrous ferrous chloride (CdCl a structure) has layers of iron atoms with antiferromagnetic interlayer inter actions via superexchange through axial chloride anions. It orders antiferromagnetically at -23 K, and at 4.2 K undergoes a single step metamagnetic transition a5 to a paramagnetic state for an applied field of -11 kG. As mentioned previoUSly, the linear chain dihydrates FeCl a ' 2H a O and CoCl a , 2H a O (TN =23. 5 and 17.2 K, re spectively) are intrachain ferromagnetic and character ized by a two step metamagnetism, antiferro-to ferri magnetic and ferrimagnetic to paramagnetic at 39 and 45 kG and 32 and 46 kG, respectively. a-6 As we have seen above, replacement of the water by pyridine re duces the critical fields for the metamagnetic transi tions to the order of 1 kG.
Pyridine closely approximates an "ideal" ligand for producing one -dimensional magnetic systems because of the absence of strong hydrogen bonding interactions which are present in the hydrates. For example, MnCl a ' 2H a O is an antiferromagnet (T N =-6.9 K) with nearly equal intra-and interchain exchange. 35 The easy axis is along the trans-HaO direction (b axis) and super exchange via hydrogen bonding is apparently important. The use of axial ligands bulkier than pyridine might re duce the interchain interactions even more and enhance the one -dimensional magnetic character. This would suppress the Neel temperature and be desirable for the comparison of the magnetic properties of ferromagnetic chains with theory. The transition fields would also be reduced. Variation of the intrachain exchange interac tion through the use of other bridging ligands in place of Cl along the chemical chain would also be of interest.
The Co(pyridinehCl a system would appear to be an in teresting system for studies in the region of the tricriti cal point. The value of T c "" 3.2 K is in an easily acces sible range of temperature. However, the difficulty in developing large single crystals and in retaining a single known phase at low temperatures create some problems. Because the Co(pyridine)aCl.a system is an even better approximation to an ideal linear chain system than Co(H.a0)aCla, such studies would be interesting. As in dicated in Fig. 1 , there are many M(pyridine).aX.a which undergo metamagnetic transitions at low fields. If sin gle crystals are available, this class of compounds would furnish a variety of model systems for studies of critical phenomena.
